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Abstract 
General Electric Company (GE) at Manchester, Connecticut currently operates a number of 
machine shops for production and manufacturing of engine parts for aviation industry. The parts 
are designed as per blue print specifications as requested by companies like Pratt and Whitney, 
Rolls Royce and others. Production of industrial engine parts requires clean manufacturing and 
therefore necessitates that the shop also operate a waste treatment facility.  
As part of fulfilling the Major Qualifying Project requirement at WPI, the engineering team 
worked with GE Aviation to optimize two waste treatment processes.  
First, a wastewater treatment operation that operates via process of flocculation to separate 
dissolved heavy metals in water generated from washing engine parts. The company is primarily 
concerned about reducing titanium and chromium in their wastewater before it can be discarded 
into the sewers. The engineering team used the method of jar testing to project an optimal 
amount of polymer used for flocculation and the corresponding pH to maintain for the process. 
In addition, a considerable amount of research was performed in regards to the use of other 
polymers for flocculation. Based on cost and data analysis there were five sets of conditions that 
proved to be optimal for metal removal.  
Second, a Nickel Brush Plating process that generates a considerable amount of waste in the 
process of washing plated parts. As part of recommendations to reduce waste for the process, the 
group provided the company with two different leads on newer equipment for plating purposes: 
Sifco Applied Surface Concepts and Liquid Development Company. In addition, the team also 
provided alternatives to the use of water as a cleaning solution including CitruClean.     
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Executive Summary 
Proper handling of hazardous wastewater is of vital importance in all areas of industry.  
Whether the contents of wastewater are oils or heavy metals, this water must be treated and 
deposited of according to the proper guidelines in order to ensure health for both humans and the 
environment.  Currently, General Electric (GE) Aviation’s Manchester, Connecticut facility is 
working rigorously to improve the efficiency of their wastewater treatment processes.  In order 
to assist in the process, four students from Worcester Polytechnic Institute (WPI) have worked to 
study the existing systems employed by GE Aviation, while conducting tests and research in 
order to make recommendations for future improvements. 
Two specific systems were studied as a part of this project: the Turbine Exhaust Case (TEC) 
in Building 3 and the wastewater treatment process in Building 1.  The turbine exhaust case 
involves a relatively small application of nickel plating aerospace parts manufactured at GE 
Aviation.  After each step of the nickel plating process, the part being plated is rinsed with 
distilled (DI) water, and this rinse contains heavy metals that are hazardous and must be disposed 
in accordance with state and federal regulations.  The group was charged with the task of 
reducing the volume of hazardous waste produced by the process.  In order to work toward 
achieving that goal, the group conducted research into a variety of alternative plating equipment 
sets and cleaning solutions in the hopes of finding something that would achieve the desired 
outcome with more efficiency.  As a result of this research, it is recommended that GE Aviation 
look into purchasing a new nickel-plating system with brush sizes that are more tailored to this 
process.  Another recommendation included separating the draining from the rinsing steps that 
result in hazardous waste from those that do not contain the harmful heavy metals.  Therefore, 
the hazardous waste volume would decrease significantly.  Finally, more closely monitoring the 
amount of DI waster used to rinse the parts can reduce the overall volume, as well. 
The second process that the team hoped to improve was the wastewater treatment system that 
includes the water used to etch titanium parts.  Due to its origin, the water needs to be rid of its 
heavy metal content before being disposed of. This system includes two reactors which bring the 
solution to a pH ideal for heavy metal removal and then adds a coagulating polymer to cause the 
metals to flocculate.  The water then travels to a clarifier in which the metal floc settles on 
slanted metal plates while the water passes through the system.  The metal is then collected as 
sludge and put through a filter press to yield a solid filter cake.  While GE Aviation is not in 
violation of the heavy metal limits in their system effluent, there exists the desire to improve the 
overall efficiency of the system in order to save the company money.  In order to work toward 
achieving this goal, the group took water samples from the on-site system to test the heavy metal 
concentrations in the water as it passes through the system to see which step possesses the most 
room for improvement.  It was found that the polymer used to coagulate the heavy metals is 
being added in excess, which not only wastes company funds, but also causes a potential back-up 
of the heavy metals in that reactor.  Therefore, the group conducted small-scale jar testing on 
WPI’s campus to find the optimum concentration of the polymer that is currently used to achieve 
the greatest amount of heavy metal removal from solution.  Research and testing was also done 
to see if other polymers or chemicals could act as better coagulants in this system.  After 
extensive testing, it was concluded that the polymer currently being used by GE Aviation is 
indeed the most efficient; however, the amount of it that is used needs to be much more tightly 
controlled. 
With the recommendations of the group, GE Aviation is equipped with ways in which to 
advance the efficiency of their wastewater processes.  It is the hope that not only are the 
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recommendations the most environmentally advantageous, but that they also make the most 
economic sense for the company as it continues to improve its processes and environmental 
awareness. 
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Introduction 
General Electric Company (GE), at Manchester, Connecticut consists of shop operations 
that manufacture parts for predominantly aviation customers including, but not limited to: Volvo, 
Pratt and Whitney and Rolls Royce. The machine parts manufactured by the company include 
aircraft engine components for various jet engine applications, both commercial and military. As 
a result of its various processes, GE Aviation-Manchester produces wastewater that requires 
treatment prior to discharge. Like many other large companies, GE maintains its own wastewater 
treatment facilities in each building that manufactures such parts.    
Metal removal from wastewater has long been a matter of great concern. Industrial 
wastewaters may contain toxic metals such as lead, mercury, chromium, iron, etc. that can pose 
environmental hazards if discharged and recycled improperly.  As part of a safety measure, the 
United States government supports policies governing proper treatment of industrial wastewater 
prior to releasing it into the sewer system or recycling. Complete elimination of metals from 
wastewater is nearly impossible and is currently not cost effective for many industries. 
Therefore, regulations exist that govern the maximum concentrations of metals allowed prior to 
release or reuse. 
Companies, like GE, have been historically committed to bettering the environment 
through research, advancements and new technologies. Even though the company currently 
meets the Federal and State regulations for discharge of their wastewater, they are looking to 
make their treatment facilities more efficient. Furthermore, the company is also committed to 
optimizing the processes themselves and minimizing toxic waste at the end of the process. 
The purpose of this Major Qualifying Project (MQP) is to study the wastewater facility 
located in Building 3 and the brush nickel plating process located at Building 1 of GE’s 
workshops in Manchester, Connecticut. The objectives of this project can be summarized as 
follows: 
 
1) To develop and implement a plan to reduce process waste from a brush nickel plating 
operation conducted on a turbine exhaust case and 
2) To increase effectiveness and reliability of hydroxide precipitation for metal removal in a 
wastewater treatment plant. 
 
The wastewater treatment facility in Building 3 currently operates weekly and is 
responsible for treating all the wastewater generated from plating and finishing within the 
building. The process makes use of a polymer to coagulate metals prior to being emptied into a 
clarifier where the metals sink and are collected as sludge.  Some of the inconsistencies observed 
after careful investigations include: poor monitoring and management of the process, 
discrepancies in the correct amount of the polymer to use, and the overall system inefficiency. 
Similarly, the nickel plating process in the turbine exhaust case generates waste as a result of 
inadequate brush usage and an inefficient washing system. 
In order to accomplish the objectives highlighted by the company, several experiments 
were conducted to determine what concentrations of metals exist in wastewater process inputs 
and the waste generated from the brush nickel plating process. Upon obtaining the results from 
the wastewater process, several jar-testing procedures were carried out to investigate whether a 
consistent usage of polymer, both for that currently in use and for new polymers obtained for 
testing, resulted in increased process efficiency. For the brush nickel plating process, different 
brush sizes, other plating techniques and more proficient use of other electro-fluids were 
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investigated.  After careful research, testing and investigation, guidelines are proposed to the 
company regarding the optimization of the wastewater process. 
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Background 
GE Aviation 
General Electric (GE) consists of seven world businesses: Healthcare, Aviation, 
Transportation, Corporate, Oil & Gas, Power & Water, and Energy Management. The following 
GE businesses have sites located in Connecticut, which combined employ about 4,800 people: 
Aviation, Energy, and Capital. The GE Company’s headquarters is also located in Fairfield, CT. 
GE-Aviation in Manchester, CT consists of five manufacturing facilities covering over 240,000 
square feet with 375 employees operating during 3 shifts. GE-Aviation has been in Manchester 
since 2007 after purchasing Smiths Aerospace. This allowed for over $15 million in new product 
and over $8 million in equipment for GE-Aviation. Machine parts manufactured by the 
Manchester campus include but are not limited to combustors, synch rings, turbine exhaust cases, 
seals, flaps, struts and afterburners. The key processes utilized to manufacture these products 
include welding, assembly, complex machining, media stripping, laser processing, heat 
treatment, and thin-wall forming. The Manchester, CT site is ISO 9001/AS9100A certified, as 
well as NADCAP approved in non-destructive testing, welding, EDM, laser cutting, heat treat, 
and chemical processing (Sam Cote, 2012, Personal Communication). 
Metals of Concern 
In industrial processes, the metals which often cause concern in wastewater effluents are 
chromium, lead, aluminum, cadmium, copper, titanium, nickel and zinc. The environmental and 
health concerns for each metal are reviewed briefly below. 
Chromium 
Chromium is a hard, steel-grey metallic element that is listed by the US Environmental 
Protection Agency (USEPA) as one of 129 priority pollutants. In addition, since chromium is 
listed as one of the 25 hazardous substances that pose a potential threat to human health, the 
USEPA views all chromium compounds as toxic or potentially toxic. 
Chromium is generally released into the air via combustion processes and released into 
the water/soil via permitted or accidental discharges from industries. Human exposure to 
chromium includes inhalation, ingestion, skin and/or eye contact. Chromium is classified by the 
USEPA as a human carcinogen by the inhalation route of exposure. Chromium exposure causes 
cellular damage because it is a strong oxidizing agent and can penetrate biological membranes. 
As a carcinogen, it induces mutations in living cells by damaging DNA-protein, cross linkages as 
a strong oxidizing agent, and causes high membrane permeability. Inhalation of certain 
chromium compounds can also cause airway irritation, airway obstruction, and induce lung 
tumors. Inhalation, as well as ingestion and dermal exposure to chromium have reported renal 
effects. Chromic acids are powerful skin irritants and can be corrosive to the skin. 
           Chromium can also be harmful to the environment by causing acidic sandy soil with low 
organic content. Chromium exposure in water is especially dangerous because it can lead to 
human consumption (MSDS Chromium, Appendix). 
Lead 
Lead is a dense, bluish-gray metallic element that was one of the first known metals in 
human history. Lead is hazardous to the environment because it is not biodegradable; rather it 
accumulates where it is deposited.  
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According to the USEPA’s Superfund Chemical Data Matrix, lead is one of the 
compounds with highest toxicity. Lead exposure via inhalation and digestion is released into the 
blood and distributed throughout the body, being stored primarily in the bones and teeth. Lead 
poisoning is the leading environmentally induced illness in children, as lead has been known to 
absorb more readily into young children’s bodies than those of adults. Lead poisoning can affect 
the mental state and physical development as well as reduce attention span in children. Lead 
causes irritability, poor muscle coordination, and nerve damage to organs in adults (MSDS Lead, 
Appendix). 
 
Aluminum 
Aluminum is the third most abundant element and is extremely chemically reactive. It is soft, 
durable, and light weight with a silver color. Aluminum is a typically desired metal because of its 
low density and ability to resist corrosion. Structural components made from aluminum and its 
alloys are vital to the aerospace industry and other transportation industries. 
 Aluminum is generally nontoxic (500 grams for an 80 kg person) compared to other 
heavy metals; however, if aluminum is consumed in high amounts there can be some toxicity.  A 
health concern of aluminum exposure includes reduced skeletal mineralization, while extremely 
high doses of aluminum can cause neurotoxicity.  Aluminum’s effects on the environment 
include causing high concentrations of acid to reduce plant growth because it disturbs root 
growth and function (MSDS Aluminum, Appendix).  
 
Cadmium 
Cadmium is a soft, malleable, white metal that is generally used in batteries, alloys, 
electroplating, solar cells, plastic stabilizers, and pigments. It is resistant to corrosion and is 
widely utilized as a protective layer when deposited onto other metals.  
Cadmium is a highly toxic metal and exposure to it is known to cause cancer, specifically 
targeting the body’s cardiovascular, renal, gastrointestinal, neurological, reproductive, and 
respiratory systems. In powder form, cadmium can burn and release toxic fumes.  OSHA 
estimates that about 300,000 workers are exposed to cadmium in the United States specifically in 
manufacturing and construction industries. The most dangerous form of cadmium exposure is via 
inhalation of fine dust and fumes, or via ingestion. Cadmium is also a hazard to the environment, 
due mainly to fossil fuel combustion (MSDS Cadmium, Appendix).  
Copper 
Copper is a soft, orange colored metal that is known for its high thermal and electrical 
conductivity.   Major applications of copper usage are in electrical wires, roofing and plumbing, 
and industrial machinery. Environmental exposure occurs mainly from ingestion of drinking 
water with high concentrations of copper and ingestion of copper salts. Mild forms of copper 
poisoning can cause nausea, vomiting, diarrhea, and malaise. Severe forms of copper poisoning 
can also cause pain, hematemesis, and melena (MSDS Copper, Appendix).  
Titanium 
Titanium is a low density metal with a silver color that is most well-known for its 
characteristic strong corrosion resistance.  Due to its low density, high corrosion resistance, high 
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crack resistance and ability to withstand high temperatures, titanium is widely used to produce 
lightweight alloys for aerospace components, including jet engines. Titanium, even in high 
doses, is non-toxic and does not cause any harmful effects to the body. Powdered form titanium 
can pose a fire hazard, and if heated with air, can cause an explosion hazard (MSDS Titanium, 
Appendix).  
 
Nickel 
 Nickel is a corrosion resistant, silver colored metal. Due to nickels corrosion resistance, it 
is mainly utilized for plating metals.  Nickel is popular in the aerospace industry due to its super 
alloys which are primarily used for jet engines. It is used for making stainless steel and many 
other corrosion resistant alloys. Exposure to nickel should be kept to a minimum due to the fact 
that extremely small amounts of nickel can be toxic. Nickel dust can be easily inhaled, and nickel 
is known for being \ carcinogenic. Nickel sensitivity to the skin is also very common as it causes 
dermatitis (MSDS Nickel, Appendix).  
Zinc 
 Zinc is a metallic element with a silver-gray color. Applications of zinc include 
corrosion-resistant zinc plating of steel, batteries, non-structural castings.  Zinc is used in making 
alloys such as brass. Zinc is an essential mineral to the human body that is found in some foods, 
and can also be consumed as a dietary supplement. Biologically, zinc plays a main role in 
cellular metabolism – it is required for the catalytic activity of numerous enzymes. Zinc also 
supports normal growth and is required for proper sense of taste and smell.  
Even though zinc is an essential mineral to the human body, excess amounts of zinc can 
be harmful and cause zinc toxicity. An example of how zinc is toxic is in the stomach lining due 
to high solubility of zinc in the acidic stomach. In the welding industry, inhalation of zinc can 
cause zinc shakes, also known as metal fume fever. Extreme exposure to zinc fumes can cause 
loss of consciousness (MSDS Zinc, Appendix).  
Turbine Exhaust Case 
Electroplating 
High performance equipment is a necessity in the aerospace industry. Aerospace parts are 
required to withstand friction, high temperatures and corrosive environments while continuing to 
operate at optimum levels. Nickel is a metal that can live up to those expectations and 
specifically is used for pre-braze operation, wear resistance, dimensional restoration and 
corrosion protection because it can be plated with little or no stress added to the surface of the 
metal. Electroplating an object consists of an electroplating bath solution with one or more 
anodes. The object is exposed to the solution bath, via a complex current waveform between the 
anode and the object. The waveform is a cyclic alternating type with two portions – one portion 
is positive and triangular shaped with one or more spikes and the second portion is negative. The 
object is then agitated in the bath solution. The figure below displays scanning electron 
micrographs from an example nickel plating process. First the metal is abraded, and then etched 
to activate the metal, and finally nickel plated.  
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Figure 1: Nickel Plating Process 
 
 
Brush plating, also known as selective plating, is a process used to apply localized 
electroplated deposits and anodized coatings, as well as for electropolishing. While 
electroplating is used to enhance specific areas on production parts and to correct dimensional 
errors made in machining and repair shop applications, brush plating can be mechanized or 
automated and focuses the plating onto only the specific areas that require the coating meaning 
that the parts do not need to be disassembled and reassembled (Vanek, 2010). 
 
General Electric’s Brush Nickel Plating Process 
The process for brush nickel plating as performed by GE can be summarized in three 
different stages: Handling, Preparation and Stripping. 
Handling 
GE uses a series of brush plating solutions coded as follows: Cleaning Solution BEC 100, 
Etch & Activate Solution BEC 101, De-Smut Solution BEC 103, Nickel Brush Plating Solution 
BEC 368 and Nickel Stripping Solution BEC 207.  Figure 2 below displays all the solutions 
used. 
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Figure 2: Nickel Brush Plating Solutions (from left to right) - Nickel Stripping Solution 
207, De-Smut Solution 103, Etch & Activate Solution 101, Cleaning Solution 100 
 
All solutions are kept in a locked cabinet in the braze room and are moved to the site as 
needed. Each of the solutions has a shelf life of 24 months; upon expiration, they are reported for 
recall at GE Manchester’s calibration system. Some solutions, including Nickel Plating Solution 
BEC 368, will go through inspection to make sure that the solutions meet the customer and 
material specifications (Kolyia Gulam, 2012, Personal Communication). 
Preparation 
Prior to the plating process, all materials being used must be cleaned. After the components 
are degreased to remove dirt and oil, they are placed in the braze room to prevent contamination. 
The electro-cleaning solutions BEC 100, 101 and 103 are placed in beakers prior to wrapping 
cotton onto the cleaning, etch and activate, and de-smut anodes. Similarly the nickel plate anode 
is covered in cotton and connected to a feed tube and placed into a tank for application process. 
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Figure 3: Nickel Brush Plating Applicator Brushes 
 
The application process begins with cleaning with the BEC 100 solution and the electro 
machine set to 13±2 volts on forward polarity. The process is repeated until discolorations are 
removed and no water breaks appear. The material is rinsed with de-ionized water and then 
etched with the BEC 101 solution. The machine is set to 13±2 volts on reverse polarity and the 
process is done until the material has a “consistent matte or etched appearance.” Then the 
material is de-smut with the BEC 103 solution at 13±2 volts on reverse polarity. This activation 
step is done until the material will not become any lighter. The appearance of a copper color 
means that the material was not etched correctly. Etching with BEC 101 must be repeated in 
such cases. Finally, the material is activated with BEC 101 at 13±2 volts on forward polarity. 
After each process of etching and activation the material must be rinsed with de-ionized water. It 
is also important that the anodes and the beakers for each step of activation and etching are not 
reused. 
After etching and activation process is complete, plating is done with electroplating solution 
BEC 368 at 13±2 volts on forward polarity. The plating time and the entire process are 
documented accordingly. Figure 3 depicts an example part positioned to be processed.  
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Figure 4: Part Positioned for Electroplating 
 
After plating is complete the material is subject to stress, burning, peel, and plating thickness 
tests as required by the company and the customer specifications. Each of these tests follow 
company procedures as highlighted in GE-Aviation’s Work Instruction Manual (Kolyia Gulam, 
2012, Personal Communication). 
Stripping 
Similar to the plating process, the stripping process is done via electro-cleaning with BEC 
100 at 13±2 volts on reverse polarity and stripping the nickel with BEC 207 at 13±2 volts on 
reverse polarity. The change in color is indicative of the metal being removed from the material. 
After each step, the material is rinsed with de-ionized water. In order to ensure an adequate 
quarterly test plan, a sample is submitted to the laboratory for destructive testing. The brush 
plated area is cut by a laser and submitted to an independent lab for adhesion, heat resistance and 
plating thickness inspections (Kolyia Gulam, 2012, Personal Communication). 
Brooktron Plating Solutions 
Brooktron Plating Solutions is the current electroplating system that is used by GE-
Aviation.  These solutions have a very high metal concentration with a fast rate of deposition. 
The deposit consists of pure metal made out of fine grain structure. The metal is free from 
porosity and has virtually no hydrogen embrittlement. The metal adhesion contains low stress 
and metal fatigue.  The system is portable and the process can be performed in any environment 
– research lab, shipyard, machine shop, maintenance department, production line, clean room, 
etc.  
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Wastewater Treatment 
With increasing attention to compliance with state and federal laws, both global and local 
companies are turning to wastewater treatment processes to reduce the concentrations of 
hazardous materials that they release to the environment.  
Case Studies 
The following case studies of wastewater treatment from around the world point to this 
topic’s expanding importance and various ways in which organizations are combating the 
problem of environmental pollutants in wastewater. 
Treatment of Gold Mine Water 
Acid water from gold mines in South Africa contains greater than allowable concentrations 
of heavy metals. These water streams are treated by precipitation with lime and sulphides. This 
step is then followed by an ion exchange to reduce the salinity of the water and reduce the anions 
(sulphate, chloride, bromide, and fluoride) to acceptably low levels. The uniqueness of this 
process lies in the use of carrier magnetic materials for more efficient separation of water and 
solids. Oxidation pretreatment is also used to sterilize the water. The benefits of this process 
include its flexibility and relatively low operating cost. Therefore, although these experiments 
were conducted on a specific gold mine, the process is worth researching for other waters 
contaminated with heavy metals and high salinities (Feng). 
Heavy Metal Removal by Solid Sorbents 
Toxic heavy metals such as copper, lead, and cadmium, have also been shown to be removed 
from water by metallurgical solid wastes. This process includes the use of bauxite waste red 
muds and coal fly ashes acting as sorbents. In these experiments, metal uptake (sorption) and 
release were investigated by thermostatic batch experiments. The distribution ratios of metals 
between the solid sorbent and aqueous solution were found to be a function of sorbent type, 
equilibrium aqueous concentration of metal, and temperature. These heavy metal-loaded solid 
wastes may then be solidified by adding cement to create a durable concrete mass that will 
ensure safe disposal. These results support the argument that one can treat one industrial plant’s 
effluent with the solid waste of another (Apak).  While this would reduce the cost of the water 
treatment process, it would not necessarily reduce the amount of solid waste produced by the 
combined system. 
Biological Processes for Wastewater Treatment 
Biological processes are also being researched for the treatment of heavy metals in 
wastewater streams. While microorganisms cannot destroy metals, they can influence metals’ 
mobility by modifying their chemical and/or physical characteristics. Only one system using 
microorganisms to remove metal from liquid wastes has been commercialized in the past 25 
years; therefore there is still a lot of development to go in this area of wastewater treatment 
(Eccles). 
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Electrocoagulation as an Alternative to Chemical Precipitation 
The option of electrocoagulation was studied for the removal of heavy metals from acidic 
soil leachate at a laboratory pilot scale. It was evaluated via an electrolytic cell using mild steel 
electrodes. After experimentation, it was determined that electrocoagulation was as effective as 
chemical precipitation for removing metals having low contamination levels. In fact, cadmium 
was more effectively removed by electrochemical treatment. The one exception was nickel, 
which was better removed by chemical treatment. The main benefit for this system is that its cost 
including energy, chemical, and the disposal of metallic residue was up to five times lower than 
what was recorded using chemical precipitation (Meunier). 
Water Treatment in Industry 
In several manufacturing processes in industry, there are wastewater streams that must be 
treated to below regulatory levels/limits per permit issued to the industry before they can be 
discharged. These wastewater streams often contain oil, grease, and/or heavy metals depending 
on the type of manufacturing that is taking place. In systems in which the final products are 
metallic in nature, the main concern is the removal of heavy metals that enter the treatment 
process in a stable, dissolved aqueous form and are unable to form solids, making the wastewater 
hazardous. Common heavy metal contaminants include arsenic, barium, cadmium, chromium, 
copper, lead, mercury, nickel, selenium, silver, and zinc (Armenante). 
The goal of waste water treatment in industry is to make it so that the metals will form 
insoluble precipitates that can be easily removed, and the water with now low metal 
concentrations can be discharged having met regulatory limits. Metal precipitation is primarily 
dependent upon two factors: the concentration of the metal and the pH of the water. Metals are 
usually present in quantities of 1-100mg/L and at neutral or acidic pH values (<7). These are 
unfavorable conditions for metal precipitation; therefore, caustics must be added to the water to 
cause the metals to form solids that can be precipitated (Ayres). 
After the pH is brought to favorable conditions, the next step of many industrial wastewater 
treatment plants includes rapid mixing that mixes the metal particles with a coagulant to promote 
settling. This mixture is then fed to sedimentation tanks with a pH of about 9.0 for 1.5-3 hours 
where no mixing happens, allowing settling to occur. Water from the sedimentation tanks then 
goes to a filtration unit to catch any of the particles that did not settle. The solids produced in the 
sedimentation stage are called sludge and must be handled in accordance with federal guidelines 
(Ayres). 
The Use of Hydroxide in Wastewater Treatment 
In wastewater treatment processes, it is not uncommon for chemicals to be used for 
treatment. Commonly, hydroxide is utilized to raise the pH of water. When in the form of 
sodium hydroxide, or caustic soda, a product results that can have a desired strength ranging 
from a concentration of 2% to a maximum of 50%. When applied in wastewater treatment, a 
hydroxide can neutralize the pH of the acidic product and/or separate a metal precipitant. 
When hydroxide is used in the precipitation process, a series of steps will ensure the most 
product of precipitate. Ideally, the incoming solution is pH adjusted to the optimum range for 
making a hydroxide precipitate. In industry, it is understood that the wastewater precipitation 
system will operate allowing enough time for a low flow and the liquid will naturally settle. 
Commonly, a lamellae plate clarifier with plates set 1” apart will force the water to run through 
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the channels at a 45 degree angle. The solids accumulate on the plates and will fall off into a 
different sump. 
Sometimes in the hydroxide precipitation process, a sulfide will be used to lower the 
solubility of the solution. Though this method will help the precipitate come out of the solution, 
it will not always be effective. If the precipitation does not occur with or without the sulfide it is 
possible that the flow is too high for the settling to occur or a polishing system might need to be 
added to the end of the system. Chelates, an organic compound that holds metal in solutions at a 
high pH, can also effect the precipitation. Hydroxide precipitation depends on the insoluble 
metal hydroxide forming and if the chelate impairs this, there will be no reaction. The addition of 
sulfide or another strong reducing agent will break weak chelates, or the substitution method can 
be utilized. If a non-hazardous metal is added that the chelate prefers more than the metal, both 
will form. In hydroxide precipitation, it is important to consider all factors of the solution before 
determining the success of precipitation.  
The Use of Polymers in Wastewater Treatment 
In wastewater treatment, polymers are used to suspend solids to produce large amounts of 
floc, or solid material. A polymer is classified as a large organic chain of molecules with positive 
or negative charges. Each polymer chain can be a different length, consisting of millions of 
monomer units. Polymers are unique in the way that they are extremely diverse, allowing for 
many possibilities and options in wastewater treatment. Polymers can be in many physical forms, 
hold varying charges with several charge densities, and even have different molecular structures.  
Polymers used for flocculation are generally available in three different configurations: 
cationic, anionic and nonionic.  Some of the commonly used polymers in industries are listed in 
Table 1. 
 
Table 1: Polymers Commonly Used in Wastewater Treatment 
Cationic Anionic Nonionic 
Polyacrylamide 
Polyamines 
Polyvinylpyridines 
Polyacrylic Acid 
 Poly Vinyl Sulfonic Acid 
 Poly Styrenic Sulfonic Acid 
Polyacrylamide 
 Poly Ethylene Oxide 
 
Generally speaking, anionic polymers are mostly used for wastewater containing inorganic 
compounds, whereas cationic flocculants are used for organic compounds. The configuration for 
treating wastewater is dependent on the amount and type of chemicals present in the water being 
treated. The mechanism in which the flocculation works is determined by several physical and 
chemical parameters including the molecular weight, the particle charge, porosity, reactivity etc.  
Polyacrylamide and its variations are one of the biggest marketed products for wastewater 
treatment. There exists a large market for manufacturing of polymers for wastewater treatment 
purposes. These companies make polymers with specific configurations and sell them under 
brand names.  
Polyethylene glycols (PEGs) are often used in chemical industries as surfactants and 
defoamers. The team picked the polymer to observe if the dissolved chemicals would collect on 
the surface in the presence of the polymer. PEG is generally available in different ranges of 
molecular weights and different mediums. From a considerable amount of literature research on 
other polymers, the team chose to obtain the chemical in a liquid form with a specific molecular 
weight. In addition to testing for flocculation and sludge formation, the team decided to observe 
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other mediums for collecting dissolved metals from the wastewater. 
Literature research and information from water-treatment specialists also suggest that 
flocculation in wastewater might work best in the presence of more than just one polymer. In 
order to test for this, the team decided to mix two and three polymers in different proportions 
with a different range of pH.  
Safety in Wastewater Treatment Plants 
In industry, safety comes first – a safe and healthy environment is the most important 
thing that a company can offer their employees.  Along with many other manufacturing safety 
precautions, wastewater treatment has additional safety concerns. The major facility safety 
categories can be identified in three major areas: confined-space entry, referring to an area which 
is enclosed with limited access which makes it dangerous; lockout/tagout; and personal 
protective equipment.  
Confined-space entry is a major concern in wastewater facilities because of the constant 
monitoring and touch of the systems. Locations in the facility that are of concern to be cramped 
are the aeration basins, digesters, applicator machines, primary tank, manholes, and vaulted 
sampling pits. Many of these locations are indicated as a concern because they are typically 
below ground level on site and use stair entry for access. The frequency of touch time on this 
equipment is necessary for routine maintenance, inspection testing and repairs. Though the level 
of precautions is specific to each plant and depends on the layout, some general guidelines can 
be followed. For fall protection, personal harnesses, ladder-safety systems, tripods, and hoists are 
important to consider for safety of those working on the equipment. In all cases, OSHA 
guidelines should be followed. For all safety concerns, it is important that all equipment and 
signs are marked well and updated as changes in the area occur. In treatment facilities, it is also 
important to monitor the air quality, ventilation, respiratory, and fall protection in order to ensure 
good health and safety for all involved. 
Another important area of safety to consider on machines that is currently worked with 
for maintenance, operation, and repair is the lockout/tagout system. This system ensures that 
energized equipment is de-energized or shut down, locked out, and tagged before a person can 
work on it. Some equipment that is particularly important to use this system with is pumps, 
electrical motors, values, and mixing systems. The valves and pipelines should also be 
considered because of the dangerous potential of water entry and high pressure. 
Personal protective equipment (PPE) helps employees ensure their health and safety while on the 
job. All employees and visitors at a wastewater treatment facility should be wearing safety 
glasses, face shields, hard hats, gloves, safety shoes, and if necessary, chemical-protective 
clothing. This is to ensure personal wellness in day to day activities as well as an accident free 
facility. Finally, a shop floor should identify stretches and routines for operators to complete in 
order to improve ergonomics (OSHA Law & Regulations, 2012).  
Government Regulations 
GE-Aviation has permits that allow for 23,000 gallons per day average flow and 25,100 
gallons per day maximum flow as deemed by the state of Connecticut.  Average monthly limits, 
maximum daily limits, and instantaneous limits are also set for the contaminants listed in Table 
2.  In Connecticut, the nickel limits are high and, therefore, nickel is not considered hazardous at 
the levels with which GE operates.   
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Table 2: Connecticut Wastewater Heavy Metal Limits (State Permit) 
Metal 
Average Monthly Limit 
(mg/L) 
Maximum Daily Limit 
(mg/L) 
Instantaneous Limit 
(mg/L) 
Cadmium 0.1 0.5 0.75 
Chromium 1 2 3 
Cyanide 0.65 1.2 1.8 
Lead 0.1 0.5 0.75 
Silver 0.1 0.43 0.75 
 
A permit holder must also follow compliance conditions in order to be in good standing 
with the state.  Non-compliance can be issued if 66% or more of all measurements taken during a 
six-month period exceed the average monthly or maximum daily limit for the same pollutant 
parameter.  Those in which 33% or more of all the measurements for each pollutant parameter 
taken during a six-month period equal or exceed the average or maximum daily limits multiplied 
by 1.4 for BOD, TSS, oil and grease or 1.2 for all other pollutants except pH will be in non-
compliance.  Any discharge of pollutant that has caused imminent endangerment to human 
health, welfare, or to the environment will not be tolerated (Hazardous Waste Regulations, 
2012). 
General Electric’s Wastewater Treatment Process 
GE-Aviation in Manchester, CT employs a conventional flow-through, hydroxide 
precipitation system in Building 3 to process the wastewater from their alkaline and acid clean, 
as well as their abrasive tumbling operations.  The system involves equalization, pH adjustment, 
precipitation, and clarification/settling to remove heavy metals and other contaminants.  The 
system also includes a collection of pumps to transfer the wastewaters from lift stations within 
the cleaning areas (Mike Delaney, 2012, Personal Communication). 
System Influent 
Titanium Acid Cleaning 
Titanium parts are sent through a cleaning solution consisting of nitric acid and 
ammonium bifloride which solubilizes the titanium substrate in the solution.  This solution is 
segregated from the rest of the wastewater in a strong acid dump tank.  The dump tank has a 
maximum volume of 700 gallons.  Water rinsing after titanium cleaning is performed in 
overflow/underflow hot and cold rinse tanks.  This water is then fed to the wastewater rinse lift 
station located behind the acid clean line.  Typical rinse water flow from the acid clean line is 3-
4 GPM during part processing (Mike Delaney, 2012, Personal Communication). 
Alkaline Cleaning 
The 1300 gallon alkaline cleaning tank is dumped manually into a 1500 gallon alkaline dump 
tank.  This solution is then added to the equalization tank.  This solution is dumped monthly due 
to oil, grease, sediment, calcium, and/or chloride contamination.  Water rinsing after alkaline 
cleaning is performed in overflow/underflow hot and cold rinse tanks.  Typical rinse water flow 
from the alkaline clean line is 4-6 GPM during part processing (Mike Delaney, 2012, Personal 
Communication). 
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Figure 5 displays the lift stations for the wastewater treatment line including the equalization 
tank in the middle and the acid dump tank on the right. 
 
 
Figure 5: Wastewater Line Lift Stations 
Process Flow 
The system runs automatically, neutralizing and precipitating the solids; however, the 
operator should monitor the pH settings and the flocculated solids in the clarifier.  Preventative 
maintenance checks should be performed regularly for system safety and reliability.  Operators 
should also comply with the “Daily Wastewater Treatment Walkthrough Checklist” (Appendix 
A). 
pH Reactors 
Wastewater from the influents described above is fed to a series of pH reactors. The 400 
gallon polypropylene reactor has caustic metering pumps to adjust the wastewater to a pH of 8.5-
9.  The typical retention time at the maximum feed rate of 10 GPM is 40 minutes with a working 
volume of 350 gallons.  There is a second reactor similar to the first, except the second includes 
the addition of calcium chloride from a pump activated by the system during wastewater 
processing.  Feed rates for calcium chloride addition are set to add approximately 400 mg/L to 
the wastewater. Figure 6 displays the six pumps used for pH neutrality, as well as the polymer to 
be added.  
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Figure 6: LMI Pumps 
 
 This step is instrumental in breaking the chelated structure of the metals to enable 
precipitation.  50% sodium hydroxide and sulfuric acid are added to the system at both the first 
and the second pH reactors. Figure 7 displays the current pH tanks in the process (Mike Delaney, 
2012, Personal Communication). 
 
 
Figure 7: pH Tanks 
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Flash Mix Tank 
The wastewater from the second pH reactor is fed to a 115 gallon flash mix tank used to 
rapidly mix an anionic liquid polymer solution.  The dosage of polymer should be minimized to 
the best clarity of the effluent and adjustments made with the polymer supplier as needed.  The 
mixer is run at approximately 33 Hz.  The addition of the polymer helps to increase the size of 
the precipitate, which decreases the settling time (Mike Delaney, 2012, Personal 
Communication). 
Flocculation/Clarifier 
From the mixer, the wastewater is fed at approximately 10-12 GPM to an inclined plate 
clarifier with an integral flocculation chamber that serves to flocculate and gravity separate the 
precipitant.  The slow-mix flocculation chamber is the first step in this unit, and it is run at 15 
Hz.  The inclined plate clarifier is designed to accommodate 30-40 GPM, depending on the 
settling rate.  Sludge collected from this process is pumped into the sludge thickener tank.  The 
pump rate is adjusted as needed based on the amount of solids settling.  This is a place in the 
process that is used for sample collection using an automated refrigerated composite sampler 
controlled by a water flow meter. Figure 8 displays the clarifier that is currently being used 
(Mike Delaney, 2012, Personal Communication). 
 
Figure 8: Clarifier 
 
Sludge Thickener 
The wastewater is then fed to a 1500 gallon coned bottom polypropylene sludge 
thickener tank.  Three decant valves are installed in the side of the tank to drain wastewater to 
the decant lift station (Mike Delaney, 2012, Personal Communication). 
Filter Press 
Next in the system is an air over hydraulic filter press used to process treatment 
sludge.  Waste filter cake from the press is classified by the EPA as F006.  Filtrate from the filter 
press is discharged to the decant lift station, which pumps back into the equalization tank.  An air 
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blow is conducted after the filter press is full and filtrate is removed to further dry the sludge 
prior to off-site shipment (Mike Delaney, 2012, Personal Communication). Figure 9 shows the 
filter press used in house. 
 
 
Figure 9: Filter Press 
Final Monitoring 
A flow meter and pH meter are located prior to the discharge point where the treated 
water is released to the sewer.  The system will disable should the pH be out of the range of 6.5-
9.5 (Mike Delaney, 2012, Personal Communication). The flow diagram of the entire system can 
be viewed in Figure 10. 
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Figure 10: Process Flow Diagram for Building 1 Wastewater Treatment 
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Methodology 
Turbine Exhaust Case 
The brush nickel plating process is much smaller in scale compared to that of the 
wastewater facilities. Prior to designing a process that is optimized and efficient; several tests 
were carried out on fluids used in the process to determine the concentrations of metals washed 
out.  The etching and activation solutions were also tested to determine the amount of metal 
etched out of the parts prior to plating. Some of the areas of concern observed upon initial 
observation include the geometry of the brush and the efficiency of the plating process in 
general.  Therefore, research was conducted into alternative suppliers for this equipment. 
Wastewater Treatment 
Sampling from On-Site System 
In order to determine the concentrations of hazardous heavy metals in the wastewater 
treatment system, analysis of samples had to be conducted.  To begin, samples were taken from 
various places in the on-site system in order to track the variance in composition of heavy metals 
in the water throughout the process.  Water samples were drawn by hand from the Equalization 
Tank, pH Reactor 2, and the Clarifier.  While the samples were being taken, it was important not 
to gather any solid waste samples with the water that could alter our test results.  The samples 
were placed in plastic sample vials preserved with HNO3.  A sample of the solid filter cake waste 
was also gathered.  These samples were sent to be tested for the following heavy metals through 
an Inductively Coupled Plasma (ICP) analysis: aluminum, cadmium, chromium, lead, copper, 
nickel, titanium, and zinc.  The heavy metal of particular interest is titanium because the acid 
tanks that feed the wastewater system are used to etch titanium parts.  The concentrations of 
cadmium, chromium, and lead are typically undetectable; therefore, they will only be included in 
the group’s initial sampling analysis.   
A second set of samples was taken, as well in order to test the heavy metal levels for 
consistency.  For these tests, samples were taken from the Equalization Tank (half full, 1500 
gallon), pH Reactor 1 (full, 400 gallon), pH Reactor 2 (4/5 full, 400 gallon), and the Clarifier 
(full). 
On-Campus Testing 
Current Polymer 
The current polymer used for coagulation in the wastewater process is anionic 
polyacrylamide – F-300.  It is supposed to be used in a 50-100mL polymer/50L water 
dilution.  However, due to a lack of measurement by the operators, this is usually not the 
case.  During our initial testing, our sponsor said that it appeared like the polymer solution that 
was being used was over concentrated due to its thick consistency.  Therefore, the group decided 
to conduct small-scale jar testing in the laboratory at Worcester Polytechnic Institute (WPI) in 
order to study the effects that the concentration of the polyacrylamide has on the coagulation of 
the heavy metals in the wastewater.  In order to conduct the testing, wastewater samples were 
taken from pH Reactor 2 of the Building 1 wastewater treatment system.  The group also brought 
enough of the non-diluted anionic polyacrylamide and caustic 50% sodium hydroxide (balance 
water) to perform the tests.  The final chemical supplied from GE was calcium chloride flake, 
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which is dissolved in water and added to the mixture to neutralize the pH before the polymer is 
added. 
The first tests that the group decided to run were with the currently recommended 
concentrations of the existing polymer recommended by GE.  Keeping the tests small-scale with 
200mL of wastewater, the group ran tests using 3, 2, 1, 0.5, and 0.25mL of polymer.  These 
values fell within the recommended 50-200mL polymer/50L water concentration with also going 
above and below a bit to search for the optimum.  These tests were first conducted at a neutral 
pH.  The first step in one of these tests was to measure 200mL of the wastewater from GE using 
a graduated cylinder and then pour it into a 400mL beaker, allowing it to mix on a stir plate at 
high speed.  A litmus strip was used to test the initial pH of the sample.  Subsequent pH tests 
were taken after each chemical was added to the mixture.  Next, the sodium hydroxide was to be 
added in order to achieve the desired pH (for this initial set of tests, the desired pH was 7, so no 
caustic needed to be added).  Then, approximately 3.994g of the neutralizing calcium chloride 
flake was dissolved in 100mL of water.  These amounts were used in order to match the 50lb 
calcium chloride/150 gallons water concentration used by GE.  This solution was allowed to mix 
at high speed until all solids had been dissolved and then added to the wastewater and NaOH 
mixture.  
  
 
Figure 11: Mixing Calcium Chloride Solution 
 
The desired amount of polymer was then added using a micropipette.  Once the polymer 
was added, a stopwatch was started.  After three minutes of mixing at a high speed, the speed 
was slowed and the mixture was stirred for an additional two minutes.   
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Figure 12: Example of Jar Test in Progress 
 
Observations were then made as to the amount of flocculation of heavy metals.  This 
procedure was repeated for all of the concentrations of polymer mentioned above. 
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Figure 13: Example of Post-Jar Testing Flocculation 
 
 
Figure 14: Base Cases Post-Jar Testing 
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Once this base set of tests was run, the group experimented with the amount of NaOH 
that needed to be added to the solution in order to achieve the pH recommended by GE of 8.0 to 
9.0.  It was determined that, in most cases, adding 0.01mL of a 10% NaOH solution achieved a 
pH of 8 and 0.02mL of a 10% NaOH solution achieved a pH of 9.  The group ran jar tests per the 
same procedure as above.  However, the 3mL of polymer concentration was removed from the 
list of tests because of the poor flocculation observed in comparison to the other polymer 
concentrations in the previous set of tests. 
In order to add quantitative analysis to our qualitative observations as a way of evaluating 
our jar testing experimental results, the group decanted off the water from the flocculated heavy 
metals and stored the water in sample bottles.  This water was sent for ICP testing at GE to see 
the amount of heavy metal left in the water after the polymer coagulation step in the wastewater 
treatment.  This was indicative of which concentration of polymer at which pH is the best for 
stripping the water of heavy metals. 
Experimental Polymers and Chemicals 
In addition to the anionic polyacrylamide used by GE, the group decided to test other 
polymers used for wastewater treatment to see if there are better options available that could 
increase efficiency and perhaps save the company money.  A variety of polymer literature was 
studied in order to select polymers that aid in heavy metal flocculation in wastewater.  After 
careful consideration, the following polymers were chosen for testing. 
Polyacrylonitrile 
The first alternative polymer tested was a 50% polyacrylonitrile solution.  This polymer 
was tested using the same procedure for jar testing described above with 0.25, 0.5, 1, and 2mL or 
polymer.  Each of these concentrations was tested at a pH of both 8 and 9.  The decanted water 
from these tests was sent for ICP testing, as well, to see how this new polymer compared to the 
one already used by GE. 
Hydrogen Peroxide  
Hydrogen peroxide has gained great popularity in chemical wastewater treatment in recent 
years.  The safety and ease of use of the product made it a perfect candidate for testing. In 
addition to its versatility, it is also one of the most powerful oxidizers with a high reactivity. 
However, there exist very few studies regarding the optimization of the chemical for wastewater 
treatment. Therefore, there are a number of constraints that might affect the results in 
flocculation including maintaining an adequate pH balance, temperature control and variation, 
stirring, settle-time and others.  
Polyethylene Glycol 
Polyethylene glycol (PEG) has been used in industrial water treatment for a number of years 
now. An aqueous solution of PEG with a molecular weight range of 1*10
5
 to 5*10
6
 was chosen 
for testing purposes based on recommendations in literature. Similar to hydrogen peroxide, the 
PEG might work best with a perfect pH and settle-time.    
Poly (4-styrenesulfonic acid-co-maleic acid) Sodium Salt Solution 
Polystyrenic sulfonic acid (PSSA) and its salts are also used in treating wastewater. PSSA 
has been used in applications including flocculation and sludge disposal for a long time in 
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industries. Unlike the other two products above, this polymer works best with flocculation of 
specific heavy metals. The optimum molecular weight of the product must be taken into 
consideration for optimal flocculation.  The anionic configuration of PSSA – available as a 
sodium salt solution – was chosen for testing. 
Polymer Mixtures 
Following testing of each polymer individually, a combination of polymers was 
experimented with together to see the effect mixing polymers would have on the flocculation rate 
of the wastewater. One combination performed was 0.01mL of anionic polyacrylamide and 0.01 
grams of PEO. The second combination tested consisted of 0.01 grams of sodium salt and 0.01 
mL anionic polyacrylamide. Thirdly, 0.01 mL of anionic polyacrylamide was tested with 
0.01grams hydrogen peroxide. Fourthly, 0.01 grams of sodium salt and PEO were mixed. Next, 
adding a third polymer to the mixture was experimented. The first combination of three 
performed consisted of 0.01 grams sodium salt, 0.01 grams PEO, and 0.01 mL anionic 
polyacrylamide. The second combination included 0.02 ml anionic polyacrylamide, 0.02 grams 
polyacridylnitrile, and 0.02 grams PEO. This combination was performed twice since it 
flocculated well and for more accurate results.  
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Results & Discussion 
 The following section discusses results that were obtained from the previously described 
testing.  Discussion of said results is also included 
Turbine Exhaust Case 
The results collected from the nickel brush plating hazardous waste storage tank are 
summarized in Table 3. 
  
Table 3: Nickel Brush Plating Hazardous Waste Sample Results 
Metal Tested Concentration (mg/L) 
Lead 3.1 
Chromium 21 
 
The levels of lead and chromium classify this waste storage as hazardous waste. The 
etching step of the nickel brush plating deposits these metals into the waste storage container.  
This sample was gathered when the 15 gallon waste container was full to about the four gallon 
mark. Considering the levels of lead and chromium required to classify waste as hazardous, it 
would be impossible to fill the entire 15 gallon waste storage container below the required 
chemical limits. Therefore, it would be more efficient to fill the waste storage with the highest 
concentration of hazardous waste in relation to the water as possible to reduce the amount of 
times the containers needs to be taken off-site to be emptied. 
One possible solution to maximize the concentration of hazardous waste in the storage container 
is to reduce the amount of distilled (DI) water used to rinse the parts in between the use of 
plating solutions, or to have the DI water enter a separate container.  The amount of DI used 
causes the waste storage to fill up quickly with DI waste. This DI waste could enter a different 
container because it will contain a negligible amount of lead or chromium, and the hazardous 
waste storage will be utilized for the more contaminated waste. 
Wastewater Treatment 
Analysis of On-Site Samples 
The results of the ICP testing on the first set of samples from the on-site wastewater 
system are evidenced in Tables 4-6.  These heavy metal concentrations serve as the initial 
concentrations when used to determine the percentages of metal removed from the samples. 
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Table 4: Wastewater Treatment Equalization Tank, Sample Set 1 Results 
Metal Tested Concentration (mg/L) 
Cadmium Non-Detectable 
Chromium 0.0051 
Lead Non-Detectable 
Zinc 0.083 
Titanium 0.25 
Nickel 0.13 
Copper 0.0090 
Aluminum 0.068 
 
Table 5: Wastewater Treatment pH Reactor Two, Sample Set 1 Results 
Metal Tested Concentration (mg/L) 
Cadmium Non-Detectable 
Chromium 0.37 
Lead Non-Detectable 
Zinc 0.29 
Titanium 25 
Nickel 0.23 
Copper 0.053 
Aluminum 0.87 
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Table 6: Wastewater Treatment Clarifier, Sample Set 1 Results 
Metal Tested Concentration (mg/L) 
Cadmium Non-Detectable 
Chromium 0.0037 
Lead Non-Detectable 
Zinc Non-Detectable 
Titanium 0.064 
Nickel 1.4 
Copper 0.0038 
Aluminum 0.13 
 
It would be expected that, if the wastewater system was operating at its peak of 
efficiency, the concentrations of the hazardous heavy metals in the water samples would 
decrease as the water moved through the system from the equalization tank, to the reactor, to the 
clarifier. However, this is not the trend that is observed going from the equalization tank to the 
second pH reactor. In fact, except for the cadmium and the lead which remained undetectable, 
the concentrations of all of the metals tested increased between these two sample locations. A 
proposed reason for this could be that there is built up metal waste in the pH reactor that is 
adding additional metal to wastewater at that step. This build-up could be due to an excessive 
amount of polymer being added to the reactor, supporting the team’s test of polymer usage. To 
test to see if the metal build-up could be contributing to the higher than expected concentrations, 
the wastewater system was flushed clean and then the team retested samples to see if there was 
an improvement. 
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Table 7: Wastewater Treatment pH Reactor Two, Sample Set 2 Results 
Metal Tested Concentration (mg/L) 
Cadmium Non-Detectable 
Chromium 0.073 
Lead Non-Detectable 
Zinc 0.20 
Titanium 4.0 
Nickel 0.093 
Copper 0.10 
Aluminum 0.46 
 
The results obtained from these second tests were in line with what is to be expected. 
Aside from the nickel concentration, all of the other metal concentrations are at their lowest in 
the clarifier. This means that, as the wastewater travels through the process, more and more 
heavy metals are removed, leading to a cleaner effluent as desired. The fact that the nickel 
concentration did not decrease could mean that the polymer being used is not effective in 
precipitating out nickel or that the pH of the solution is not in the range ideal for nickel 
precipitation. Also, cadmium and lead levels were non-detectable, and chromium was low, as 
well. Therefore, these metals may be neglected in further testing. 
 
An assumption made in this analysis is that the wastewater being sampled is well mixed. 
In reality, however, this may not be the case; and this fact may lend itself to the questionable test 
results. It is also not necessarily possible to test the same batch of water as it flows through the 
process. While the team has to assume that all the water behaves similarly, different batches of 
water will have different initial concentrations of metals which will alter the sample results. 
 
System Balance 
In order to check the validity of the results obtained from the on-site plant, the group 
conducted a study into the balance of the system.  Four key steps in the process from which 
samples were collected were the equalization tank, the second pH reactor, the clarifier, and the 
filter cake end product.  Assuming 100% success of the system to remove heavy metals from the 
water, the amount of heavy metal entering the process should equal the amount of heavy metal 
found in the filter cake.  The group chose the first set of data collected from the system to use for 
this analysis.  The results for the amount of metal in each step were reported in mg/L; however, 
in order to convert the amount of metal into a flow rate, the values were converted into mg/min.  
These converted amounts per process step are shown in Figure 15. 
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Figure 15: Sample Waste Water System Balance 
 
The system inlet flow rate is calculated assuming the system is being run at its maximum 
feed rate of 10gpm.  It is assumed that the effluent water flow rate is the same as the inlet.  A 
main obstacle to completing the system balance was the lack of test results for filter cake 
samples.  Therefore, it was assumed that the filter cake compositions would be, ideally, those of 
the equalization tank minus those of the clarifier.  The other hurdle that the filter cake poses is 
that the metal concentrations were calculated as flowing; however, the filter cake is a solid that is 
building up instead.  The problem that is observed with this assumption is that some of the filter 
cake compositions come out to be negative, pointing to the fact that the systems is not 
completely in balance.  If the process was running efficiently, the concentrations of each metal 
would decrease with each step in the process.  However, as can be seen with the chromium going 
from the equalization tank to the pH reactor, for example, the amount of the heavy metal 
increases instead of decreases as is desired.  Most of these discrepancies are present in the pH 
reactor, meaning that this is indeed a good place for the group to start their investigation of 
system optimization.  This also points to the fact that there is indeed a problem of accumulation 
in the reactors.  Therefore, in order to achieve an accurate system balance, the process would 
need to be flushed and emptied in order to remove accumulation and reinstate flow through the 
entire volume. 
 
On-Campus Testing 
Current Polymer 
After the testing of the current GE polymer, anionic polyacrylamide, at different pH’s 
and concentrations, the results were analyzed. Observations were made during the simulations 
and the resulting solution was sent to the laboratory in order to determine how much metal 
remained in the solution. Table 8 outlines the results from ICP testing. 
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Table 8: GE Polymer Jar Testing ICP Results 
 
pH 
Amt. of 
Chemical 
(mL) 
Chromium Lead Zinc Titanium Nickel Copper Aluminum Observations 
Original 7 0 0.37 ND 0.29 25 0.23 0.053 0.87 NA 
S1 7 2 ND 0.0071 0.024 0.012 0.0088 0.047 0.064 
Little to no 
flocc 
S2 7 3 ND 0.0039 0.035 0.029 0.011 0.04 0.071 A lot of flocc 
S3 7 1 ND 0.0055 0.061 0.0078 0.0086 0.027 0.062 
A good 
amount of 
flocc 
instantly 
S4 7 0.5 ND 0.006 0.016 0.0091 0.01 0.028 0.058 
Moderate 
flocc 
S5 7 0.25 ND 0.0086 0.013 0.005 0.012 0.026 0.06 
Flocc when 
allowed to 
settle 
S6 14 1 ND 0.007 0.012 ND 0.0028 0.039 0.081 Instant flocc 
S7 12 1 ND 0.0046 0.01 ND 0.0024 0.029 0.054 
Flocc but not 
large clumps 
S8 10 1 ND 0.012 0.006 ND 0.0048 0.032 0.068 Opaque 
S9 11 1 ND 0.0073 0.0046 ND 0.004 0.032 0.071 A lot of flocc 
S10 11 0.5 ND 0.0075 0.0036 ND 0.0024 0.031 0.05 
Flocc chunks 
after 2 min of 
stirring 
S11 11 0.5 ND 0.0076 0.015 0.0084 0.0023 0.038 0.054 
Viscous film 
formed 
S12 8 5 0.008 0.007 0.049 0.63 0.017 0.049 0.17 
Foggy with 
"fluffy" flocc 
S13 7 1 ND 0.0062 0.0075 0.024 0.0098 0.027 0.065 
Large flocc 
clumps 
S14 8 0.5 ND 0.0073 0.0098 0.0026 0.009 0.025 0.065 
No 
substantial 
flocc 
S15 9 0.25 ND 0.0053 0.015 0.024 0.0097 0.043 0.1 Very opaque 
S16 9 2 ND 0.022 0.016 0.04 0.014 0.051 0.061 
Light flocc 
with a film 
along glass 
S17 9 1 0.0034 0.0051 0.025 0.27 0.015 0.041 0.072 A lot of flocc 
S18 9 0.5 ND 0.0086 0.0086 0.03 0.013 0.027 0.059 
A good 
amount of 
flocc 
S19 9 0.25 ND 0.0071 0.0078 0.023 0.016 0.026 0.054 
Flocc appears 
dusty 
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 The samples tested were all listed in the order that they were collected. The result “ND” 
signifies an amount of the metal that was not detectable. The red numbers signify the highest 
amount of metal detected in all of the trials for that metal. As noted, this trial was different for 
each metal and allowed the team to eliminate that trial from the optimization. The values 
highlighted green symbolize the least amount of metal left in the solution after testing. Trial S10 
was determined to be the most optimized scenario because it had the minimized amount of metal 
left in the water after treatment. 
 Trial S10 was conducted on a smaller scale using the recommended GE proportions. The 
measured and standard amount of calcium chloride per GE’s recommendations was used, as well 
as 0.01 mL of sodium hydroxide to adjust the pH to 11. A 0.5mL of polymer was added to the 
solution in order to assist flocculation. During the experiment, it was observed that flocculation 
occurred within 30 seconds of the addition to the solution and debris settled to the bottom when 
stirring was halted at the end of the experiment. The team observed the most flocculation during 
this trail, corresponding directly to the low amounts of metals remaining in the solution after 
flocculation. 
 Figure 16 outlines a plot to display the two main hazardous metals desired for removal, 
chromium and titanium. It compares the hazardous metals removed per each run performed. 
Labeled on the horizontal axis, 1 is chromium, and 2 is titanium. This figure also outlines the 
first trial with anionic polyacrylamide while Figure 17 displays the second trial with 
polyacrylamide.  
 
 
Figure 16: GE Polymer Trial #1 Chromium Results 
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Figure 17: GE Polymer Trial #1 Titanium Results 
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Figure 18: GE Polymer Trial #2 Chromium Results 
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Figure 19: GE Polymer Trial #2 Titanium Results 
Hydrogen Peroxide 
The next solution tested was the hydrogen peroxide. Table 9 highlights the results from 
the lab samples for all of the runs using different proportions in the experiment. 
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Table 9: Hydrogen Peroxide Jar Testing ICP Results 
 
pH 
Amt. of 
Chemical 
(mL) 
Chromium Lead Zinc Titanium Nickel Copper Aluminum 
Original 7 0 ND ND 0.29 25 0.23 0.053 0.87 
S29 7 1 0.0057 0.0047 0.024 0.38 0.018 0.03 0.086 
S30 7 3 0.008 0.0078 0.032 0.49 0.016 0.031 0.085 
S31 7 1.5 0.017 0.0078 0.086 1.2 0.024 0.034 0.16 
S32 7 0.5 0.0098 0.0071 0.019 0.55 0.014 0.027 0.08 
S33 8 1 0.0024 0.0043 0.0079 0.051 0.013 0.028 0.06 
S34 9 0.5 0.0022 0.0072 0.0037 0.064 0.011 0.027 0.074 
S35 9 1 0.0028 0.0051 0.0055 0.066 0.01 0.03 ND 
S36 9 1.5 0.029 0.0057 0.0075 0.081 0.011 0.031 ND 
S37 9 3 0.0057 0.0036 0.0047 0.12 0.011 0.033 ND 
S38 11 1 0.011 0.0049 0.017 0.48 0.01 0.029 0.061 
 
 
As highlighted, trial S34 was the most successful in extracting heavy metals. In 
comparison with the polymer currently used by GE, the hydrogen peroxide did very well. The 
two solutions were comparable because they both extracted metals, but each was more successful 
with different metals. For example, the hydrogen peroxide was more successful in extracting the 
chromium, lead, and nickel, while the anionic polyacrylamide extracted the zinc, titanium, 
copper, and aluminum more effectively. In this case, it is important to study which metals are 
more hazardous and therefore, more important to extract in this process. On the other hand, trial 
S31 was not effective at all in extracting metals. The sample the group collected and sent to the 
GE for testing showed that there was still almost all of the heavy metal from the initial solution.  
Therefore, it can be concluded that the effectiveness of hydrogen peroxide as a coagulant is very 
sensitive and dependent upon the exact amount and pH used, with 0.5 mL of hydrogen peroxide 
and a neutral pH being ideal. 
Figure 18 below displays the effects hydrogen peroxide had on chromium and titanium. 
Chromium is 1 on the horizontal axis and titanium is 2 on the horizontal axis.  
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Figure 20: Hydrogen Peroxide Polymer Testing Chromium Results 
 
Figure 21: Hydrogen Peroxide Polymer Testing Titanium Results 
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Poly(ethylene) Glycol 
Poly(ethylene) glycol (PEG) was also tested for effectiveness with the wastewater the 
group collected from GE. The results for the trials run with different proportions of PEG are 
shown in Table 10.  
 
Table 10: Poly(ethylene) Glycol Jar Testing ICP Results 
 
pH 
Amt. of 
Chemical 
(mL) 
Chromium Lead Zinc Titanium Nickel Copper Aluminum Observations 
Original 7 0 ND ND 0.29 25 0.23 0.053 0.87 NA 
S20 9 1 ND 0.0049 0.0053 0.0056 0.0076 0.047 ND “Dusty” flocc 
S21 9 0.5 ND 0.007 0.013 ND 0.0082 0.04 ND “Dusty” flocc 
S22 9 0.25 ND 0.0046 0.0073 ND 0.0061 0.027 0.052 “Dusty” flocc 
S23 9 2 ND 0.0032 0.0032 ND 0.0053 0.028 0.092 “Dusty” flocc 
S24 8 1 0.0022 ND 0.051 0.16 0.014 0.026 0.34 “Dusty” flocc 
S25 8 0.5 0.0026 0.0082 0.039 0.16 0.014 0.039 0.21 “Dusty” flocc 
S26 8 0.25 0.0022 0.0036 0.023 0.11 0.013 0.029 0.099 “Dusty” flocc 
S27 8 2 0.0026 0.0044 0.022 0.16 0.014 0.032 0.15 “Dusty” flocc 
 
 
 
Test S23 ended up being the most desirable conditions for using PEG. It extracted the 
most cadmium, chromium, lead, zinc, and nickel. Both runs S24 and S25 seemed to be the least 
effective runs for PEG due to the fact that little to no heavy metal extraction was achieved. 
Figure 19 below displays the effects PEG had on chromium and titanium. Titanium 
concentration is 1 on the vertical axis and run number is on the horizontal axis.  
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Figure 22: PEG Polymer Testing Chromium Results 
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Figure 23: PEG Polymer Testing Titanium Results 
 
 
Mixed Polymers 
Table 11 represents the data from the mixed polymer runs. 
 
Table11: Mixed Polymer Jar Testing ICP Results 
 
pH 
Amt. of 
Chemical 
(g) 
Chromium Lead Zinc Titanium Nickel Copper Aluminum 
Original 7 0 ND ND 0.29 25 0.23 0.053 0.87 
S44 11 0.01 0.019 0.0092 0.052 1.1 0.022 0.033 0.13 
S48 7 0.01 0.045 0.0043 0.092 2.7 0.034 0.046 0.24 
S46 7 0.01 0.019 0.0061 0.049 1.1 0.021 0.033 0.13 
S41 7 0.006 0.053 0.018 0.12 3.3 0.036 0.047 0.3 
S42 11 0.01 0.017 0.012 0.045 1 0.021 0.033 0.13 
S43 11 0.01 0.018 0.0064 0.051 1 0.021 0.034 0.13 
S45 7 0.01 0.018 0.0054 0.048 1 0.021 0.03 0.12 
S47 7 0.02 0.054 0.0057 0.11 3.3 0.036 0.045 0.26 
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Optimal Runs 
Each of the chemical and polymer experimentations performed best under a certain set of 
conditions including amount of polymer/chemical and pH. The results suggest that the polymer 
used by GE, polyacrylamide, produced the best set of flocculation results compared to the 
experimental testing of PEG, or hydrogen peroxide.  The optimization of a run can be arranged 
by different parameters.  
Polyacrylamide and its’ variations are the commonly used polymer products for flocculation 
and coagulation purposes in many wastewater treatment facilities. Moreover, interviews from 
third party polymer provider vendors, suggested that many companies treat with a mixture of 
polymers or ionic variation of PAM.  
pH Limitations 
The current pH tanks at GE process plant limit the pH levels between 8 and 9. The best 
flocculation run was found to be at a pH of 11. As a future process change recommendation, the 
group suggested that the ability to increase the pH be implemented in the event of redesigning of 
the plant and treatment of the discharge. 
 
 
Testing Error 
There were a number of constraints and sources for error during the teams jar testing in the 
lab. They can be summarized as follows. 
 Stirring Time – The engineering team assessed the same stirring time as the one used by 
the GE process. Variation in stirring time for different polymers and chemicals may have 
resulted in slightly different results. However, more stirring time may lead to the process being 
costlier. The recommendation the group provided is aimed at being cost-effective. 
 Temperature Constraints – Many literature reviews suggest that the polymers and 
chemicals examined might work better with a combination of perfect stirring time and heating 
the wastewater feed. However, the group deemed this as cost-ineffective since there are a lot of 
costs associated with heating the wastewater feed including redesigning of the plant and new 
equipment.  
Possible sources of error in the testing phase include a flake of settled sludge from the sample 
being caught in the sample concentration tester. The varied results in the concentrations can be 
attributed to this reason.  Though the team managed to filter samples before being sent to the lab 
for testing, it might have required a more careful filter press and monitoring for more accurate 
results.  
The results from premiere laboratory are very accurate. The samples were repeated for 
accuracy and confirmed to have the same value for both tests performed. All tests confirmed 
exactly the same results.  
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Percent Extractions 
The following table summarizes the percent extraction of the metals titanium and chromium 
for each sample treated with the GE polymer. The sample was given a settling time of four days 
to analyze the effects of settling time in optimal treatment. 
 
Table 12: Percent Extractions of Chromium and Titanium using GE Polymer 
Sample Chromium %Extracted Titanium %Extracted 
S1 100 99.95 
S2 100 99.88 
S3 100 99.96 
S4 100 99.96 
S5 100 99.98 
S6 100 100 
S7 100 100 
S8 100 100 
S9 100 100 
S10 100 100 
S11 100 99.96 
S12 97.83 97.48 
S13 100 99.904 
S14 100 99.98 
S15 100 99.90 
S16 100 99.84 
S17 99.08 98.92 
S18 100 99.88 
S19 100 99.90 
 
As the data suggests, the GE polymer in total performed more than satisfactorily in the 
flocculation of metals of concern. On average chromium was extracted at 99.83 % while 99.76 % 
of titanium was extracted from samples treated with polyacrylamide.  
 
Similarly the following Table summarizes the percent extraction for PEG, hydrogen 
peroxide.  
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Table 13: Percent Extraction of Chromium and Titanium using PEG and Hydrogen 
Peroxide 
Poly Ethylene Glycol 
(PEG) 
Chromium 
%Extrated 
Titanium 
%Extracted 
S20 100 99.97 
S21 100 100 
S22 100 100 
S23 100 100 
S24 99.40 99.36 
S25 99.29 99.36 
S26 99.40 99.56 
S27 99.29 99.36 
Hydrogen Peroxide 
  
S29 98.45 98.48 
S30 97.83 98.04 
S31 95.40 95.2 
S32 97.35 97.8 
S33 99.35 99.79 
S34 99.40 99.74 
S35 99.24 99.73 
S36 99.21 99.67 
S37 98.45 99.52 
S38 97.02 98.08 
S39 95.67 99.76 
S40 93.78 94.4 
 
On average, the chromium extracted by PEG is 99.67 % whereas hydrogen peroxide was 
able to remove about 97.60 % of the chromium. PEG performed slightly better at removing 
titanium on average than hydrogen peroxide, as they were able to extract 99.70 % and 98.35 % 
respectively.  
As per the suggestions provided by many polymer vendors, the engineering team also 
carried out a number of jar testing experiments with a mixture of polymers. Their data for 
percent extraction is summarized in the table below.  
 
Table 14.  Chromium and Titanium Percent Extraction using a Mixture of Polymers 
Sample Chromium %Extraction Titanium %Extraction 
S41 85.67 86.8 
S42 95.40 96 
S43 95.13 96 
S44 94.86 95.6 
S45 95.13 96 
S46 94.86 95.6 
S47 98.89 99.12 
S48 87.83 89.2 
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Though the mixture of polymers performed less effectively than GE Polymer, PEG and 
hydrogen peroxide exclusively, some of the samples performed as well as some of the individual 
runs carried out using the aforementioned polymers. The poor performance can be attributed to 
other parameters such as temperature control, stirring, settling time and pH balance. 
The average extraction percentage for each of the polymers and chemical is summarized 
in the Figure 20. 
 
Figure 20. Chromium and Titanium Average Percent Extractions  
 
As a final analysis the engineering team repeated a select few runs from the GE polymer 
to observe the effect of settling time on flocculation. The percent extractions for the data are 
summarized in the table below.  
 
 
Table 15.  Percent Extractions of Chromium and Titanium using GE Polymer (Repeated 
Runs) 
Sample Chromium %Extraction Titanium % Extraction 
S49 98.89 99.12 
S50 98.16 98.32 
S51 96.48 96.72 
S52 95.67 96 
S53 95.67 96 
S54 0 0 
S55 99.08 99.32 
S56 13.51 12 
S57 18.91 20 
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On average, 68.48 % of chromium and 68.60 % of titanium was extracted in the repeated 
runs using GE Polymer. This drastic difference can be attributed to the settling time of about one 
day compared to the four days of settling time used for the first testing phase of GE Polymer.  
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Recommendations 
After completing testing and obtaining results, the group was able to provide General Electric 
with the following recommendations to improve their processes. 
Turbine Exhaust Case 
Separating the Nickel-Containing Wastewater from Other Wastewater 
During the brush nickel-plating process, several solutions are applied to the part being plated.  
These solutions are then rinsed from the part with distilled water while it is spinning in an 
apparatus.  All of the rinse water from these steps is collected in a single hazardous wastewater 
tank.  The wastewater is considered hazardous due to the high lead and chromium concentrations 
within it.  However, the amount of wastewater generated from this process is excessive because 
not all of the solutions that are being rinsed from the part contain a significant amount of these 
heavy metals.  Therefore, it is proposed to have separate drains for different steps in the rinsing 
process.  The cleaning, stripping, and de-smutting solutions do not contain any heavy metal; 
therefore, the wastewater generated from the rinsing of these solutions from the parts contains 
only trace metals washed from the part.  However, when the actual nickel-plating solution is 
applied to the part, there is a great deal of excess metal that is rinsed away.  If there are two 
drains in the bottom of the rinsing/spinning apparatus, then opening one at a time for each 
specific process rinsing step would allow the rinse water with and then without the heavy metals 
to go into separate wastewater tanks.  This would allow for the lead/chromium-containing 
hazardous waste and the non-lead/chromium containing wastewater to be treated in the way that 
is most efficient and convenient to the company, while decreasing the total volume of hazardous 
waste. While separating the streams is an option, it may not be the most effective process due to 
the heavy volume of waste on the final step of the process. 
 
 
Figure 24: Current Rinsing Set-Up 
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Figure 25: Proposed Rinsing Set-Up 
 
 
New Equipment for Nickel Plating 
Brooktronics Inc. is currently the provider of the machinery and acid wash solutions for the 
nickel-plating process for GE. The model from Brooktronics is more than a decade old and is 
poorly maintained. In order to make the process more organized and efficient, research was 
conducted on possible replacement for the equipment.  
Liquid Development Company offers a range of machines for brush plating purposes. Since 
1978, when they were first established, they have claimed to have made many advances in 
equipment and technology for brush nickel plating. They offer a “portable power pack” that is 
efficient, convenient and clean for brush plating. The company also claims to have great 
precision and control of the equipment and system and guarantees a faster process. Given the fact 
that the nickel brush plating process is fairly small scale, this company and their equipment may 
be beneficial.  
Sifco Applied Surface Concepts is another company that offers a wide variety of equipment 
and solutions for plating purposes. Unlike Liquid Development Company who specializes in 
nickel plating, Sifco offers a wide range of machinery for different industries. The company does 
provide a wide range of equipment for nickel brush plating that is comparatively newer than the 
equipment currently in use at GE-Aviation.  However, Sifco’s constraint is that the solutions that 
are sold via the company website must be tested to check for efficiency.  
After speaking with engineers and contractors at Liquid Development Company and Sifco 
Applied Surface Concepts, they asked that the parts manufactured by GE be provided and 
investigated so that they may recommend the best equipment. Provided that some engine part 
information is proprietary, a full investigation could not be carried out. The contractors also 
could not provide specific information regarding the pricing on the machinery and solutions. 
However, they claim that the equipment is within the price range of the machines purchased 
from Brooktronics. 
Non-Heavy 
Metal-
Containing 
Waste 
Heavy Metal-Containing Hazardous Waste 
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As a recommendation, it is advised that for a more efficient process, equipment from Liquid 
Development Company or Sifco Applied Surface Concepts be tested and considered for 
installation at GE-Aviation.  
Wastewater Treatment 
Strictly Data Driven Recommendations 
 Per the guidance of the group’s on-site advisors, the heavy metals of particular interest to 
GE are titanium and chromium, as these are the metals that have been the most difficult to 
remove in the past.  Additionally, titanium has been present in large concentrations due to the 
fact that the wastewater is generated from the washing of parts that are titanium 
etched.  Compared at a pH of 9 and 1mL of chemical used, the concentrations of heavy metal 
remaining in the wastewater after flocculation are compared. 
 
Figure 22: Final Titanium Concentrations Comparison 
 
 Based on the data at these conditions alone, the chemical that was the most effective at 
removing the titanium from the wastewater was polyethylene glycol. 
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Figure 23: Final Chromium Concentrations Comparison 
 
Based on the data at these conditions alone, the chemical that was the most effective at 
removing the chromium from the wastewater was polyethylene glycol, as well.  However, these 
cannot be considered final recommendations because economic considerations, as well as the 
limitations of the facility must be taking into account. 
Economic Considerations 
In reviewing the data to make recommendations to GE Aviation, it is important to also 
evaluate the economic factors that the plant will experience. Though some of our trials extracted 
more metal, they may not be the best overall recommendation for GE. The team was able to 
contact Chic Dunklee at Gilbert and Jones to better estimate pricing for all of the chemicals used 
in the experiments. With those numbers, the team was able to conduct a cost analysis on the 
proportions of chemicals used to their cost, giving GE a final cost estimate for improvements. 
Appendix D provides the full chart and analysis conducted. 
 The chemical pricing was provided to the team in cost per pound of polymer. The team 
was able to convert the cost per pound to cost per milliliter by utilizing the density of each 
chemical on their individual MSDS’s. The Calcium Chloride added in each run was also 
accounted for. For each trial run and sample collected, the team was able to obtain the cost per 
milliliter of chemical used. When the total cost per milliliter was obtained, the team scaled the 
price up to represent the cost associated with each gallon of wastewater treated. With these 
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numbers, General Electric will be able to better anticipate how much they will spend each year 
depending on the average number of gallons they treat. 
 Overall, the best economic value for materials used was experienced in S43. This trial 
minimized the amount caustic and polymer to produce effective results within permit limits. This 
trial still may not be the most effective for GE to use because the overall system operated at a pH 
of 11. It is possible that in the future, with new machines, this trial will be best fit for the plant. 
 Beyond that, the current GE polymer, anionic polyacrylamide, and polyethylene glycol 
extract large amounts of metals in the process. Trials S15, S19, S22, S26, and S55 were the next 
most effective.  The proportions of these metals can be found in the results and discussion 
section and the full results for the full cost analysis can be found in Appendix D. Below is a table 
highlighting the amount of polymer used in each trial for the least expensive runs. All trials 
below operate at a pH in the range from 8-10. 
 
Table 11: Cost Evaluation for Least Expensive Trials 
 Caus
tic 
Conc 
(M) 
mL 
Caustic 
Cost 
per mL 
Cost 
Caustic $ 
Anionic 
Polyacryla
mide 
Cost per 
mL 
Cost 
AP $ 
Cost 
per 
mL 
Cost 
per 
Gallon 
S15 0.1 0.01 0.0016 0.00013 0.25 0.013 0.0033 0.0034 $0.06 
S19 0.1 0.02 0.0016 0.00013 0.25 0.013 0.0033 0.0034 $0.06 
S22 0.1 0.03 0.0016 0.00013 0.25 0.013 0.0033 0.0034 $0.06 
S26 0.1 0.02 0.0016 0.00013 0.25 0.013 0.0033 0.0034 $0.06 
S55 0.1 0.02 0.0016 0.00013 0.25 0.013 0.0033 0.0034 $0.06 
Ultimately, the current GE process was evaluated against the proposed changes. In carrying 
out the same calculations for the GE polymer and proportions, it was determined that $0.24 is 
spent per gallon of wastewater treated. As seen above, the recommended combinations result in a 
$0.06 per gallon cost. That being said, GE has the capability to save $0.18 per gallon of 
wastewater treated- a 75.0% savings. With the plant capabilities, the team believes that this can 
result in a great cost improvement and more standardized procedure. 
Final Recommendations 
For the nickel plating process, the engineering team suggests that upon experimentation with 
the equipment provided by the recommended companies (Liquid Development Company and 
Sifco Applied Surface Concepts) the plant could determine an adequate installation of more 
environmentally friendly equipment. Furthermore, rising liquids such as CitruClean might prove 
to be an effective improvement for the current process. 
 
Many of the polymers tested were able to function at the specified pH’s and extracted metal 
from the solution. In the lab, the team was able to identify the chemicals that extracted the most 
metal to be sure GE was within their permit limits. After conducting an economic analysis, the 
team provides the following recommendation to GE Aviation: 
 
 Anionic polyacrylamide polymer that GE currently uses was able to extract the most 
metal from the solution strictly based on lab results 
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 Mixed polymers can be more effective in correct proportions, but at a higher pH: the 
combination of the sodium salt solution and the anionic polyacrylamide allowed for a 
minimal amount of caustic used and, in result, less polymer 
 GE can save up to 74.1% per year if following the provided proportions of chemicals 
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Appendices 
Appendix A: Daily Wastewater Treatment Walkthrough Checklist 
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Appendix B: Polymer Testing Results (All Hazardous Metals) 
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Appendix C: Material Safety Data Sheets 
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Appendix D: Cost Analysis Sheet 
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